Abstract: Managed Aquifer Recharge (MAR) systems can be used within the context of integrated water management to create solutions to multiple objectives. Southwestern Florida is faced with severe environmental problems associated with the wet season discharge of excessive quantities of surface water containing high concentrations of nutrients into the Caloosahatchee River Estuary and a future water supply shortage. A 150,000 m 3 /day MAR system is proposed as an economic solution to solve part of the environmental and water supply issues. Groundwater modeling has demonstrated that the injection of about 150,000 m 3 /day into the Avon Park High Permeable Zone will result in the creation of a 1000 m wide plume of fresh and brackish-water (due to mixing) extending across the water short area over a 10-year period. The operational cost of the MAR injection system would be less than $0.106/m 3 and the environmental benefits would alone more than cover this cost in the long term. In addition, the future unit water supply cost to the consumer would be reduced from $1 to $1.25/m 3 to $0.45 to $0.65/m 3 .
Introduction
Southern Florida is a subtropical region which receives an average of nearly 1320 mm/year of rainfall, but experiences numerous water-supply problems related to high population growth in the coastal areas, limited fresh groundwater sources, and considerable variation in annual rainfall [1] . There are conflicts concerning the use of freshwater resources ranging from impacts to wetlands to disputes between agricultural and municipal water users over the responses to the common occurrences of droughts that create temporary water-supply shortages [2] [3] [4] . While the region receives abundant rainfall, the distribution of rainfall, both temporally and spatially, provides water-supply challenges in many specific locations.
Lake Okeechobee is currently being used as a storage and flood control basin for a large portion of southern Florida (Figure 1 ). The lake is very large with an area of about 1900 km 2 during the high stage, which can decline to 1450 km 2 [5] during the low stage. It has an average depth of only 3.7 m [6] . The lake is surrounded by a muck dike originally constructed in 1937, called the Hoover Dike, which was Lake Okeechobee is managed by the U.S. Army Corp of Engineers (USCOE) and the South Florida Water Management District (SFWMD) at elevations ranging from about 4 to 5 m above sea level (National Geodetic Vertical Datum of 1929; NGVD). High rates of rainfall and surface-water runoff from the Kissimmee River/canal, Fisheating Creek, Taylor Creek, and Nubbin Slough have caused large increases in the lake stage which have threatened to cause the failure of the Hoover Dike by head breach or a hurricane-induced storm surge [8] [9] [10] . During high water periods, the lake stage is managed by controlled discharges of water to the Caloosahatchee River to the west and the St. Lucie Canal/River to the east, along with some discharge to the south into storm-water treatment areas and water conservation areas. The high rates of discharge and accompanying high nutrient loads into the Caloosahatchee and St. Lucie rivers have adversely affected estuarine areas [11] . It is therefore a water management goal in the region to reduce the discharge of excess freshwater into the estuarine areas during periods of high stages of Lake Okeechobee. Completion of the strengthening of the Hoover Dike and the construction of a new reservoir may be able to create some additional storage to lessen the magnitude of the discharges, but will still not accomplish the entire goal. Based on the future need for additional water supplies, some of the excess water could be placed into aquifer storage for future beneficial use for specific downstream users adjacent to the river.
Some high growth areas occur near the Caloosahatchee River where both freshwater and brackish water resources are inadequate, such as Lehigh Acres, which is located in Lee County ( Figure 2 ). This poorly-designed urban subdivision has a land area of about 246 km 2 and had a population of 86,784 in the 2010 US Census [12, 13] . The buildout population, based on the number of platted lots and other considerations, is roughly projected to be 300,000 in about 2060 [12] . The development currently has a small-capacity central utility that could provide up to 16,000 m 3 /d of potable water [14] . In 2014, the water use was about 10,600 m 3 /d [14] . Water supply for the Lehigh Acres area will require an estimated 492 L/d/person based on the average consumption in the area, along with commercial, landscape (common grounds), and recreational irrigation water uses. Lake Okeechobee is managed by the U.S. Army Corp of Engineers (USCOE) and the South Florida Water Management District (SFWMD) at elevations ranging from about 4 to 5 m above sea level (National Geodetic Vertical Datum of 1929; NGVD). High rates of rainfall and surface-water runoff from the Kissimmee River/canal, Fisheating Creek, Taylor Creek, and Nubbin Slough have caused large increases in the lake stage which have threatened to cause the failure of the Hoover Dike by head breach or a hurricane-induced storm surge [8] [9] [10] . During high water periods, the lake stage is managed by controlled discharges of water to the Caloosahatchee River to the west and the St. Lucie Canal/River to the east, along with some discharge to the south into storm-water treatment areas and water conservation areas. The high rates of discharge and accompanying high nutrient loads into the Caloosahatchee and St. Lucie rivers have adversely affected estuarine areas [11] . It is therefore a water management goal in the region to reduce the discharge of excess freshwater into the estuarine areas during periods of high stages of Lake Okeechobee. Completion of the strengthening of the Hoover Dike and the construction of a new reservoir may be able to create some additional storage to lessen the magnitude of the discharges, but will still not accomplish the entire goal. Based on the future need for additional water supplies, some of the excess water could be placed into aquifer storage for future beneficial use for specific downstream users adjacent to the river.
Some high growth areas occur near the Caloosahatchee River where both freshwater and brackish water resources are inadequate, such as Lehigh Acres, which is located in Lee County (Figure 2 ). This poorly-designed urban subdivision has a land area of about 246 km 2 and had a population of 86,784 in the 2010 US Census [12, 13] . The buildout population, based on the number of platted lots and other considerations, is roughly projected to be 300,000 in about 2060 [12] . The development currently has a small-capacity central utility that could provide up to 16,000 m 3 /day of potable water [14] . In 2014, the water use was about 10,600 m 3 /day [14] . Water supply for the Lehigh Acres area will require an estimated 492 L/day/person based on the average consumption in the area, along with commercial, landscape (common grounds), and recreational irrigation water uses. Potable and non-potable water use in most of Lehigh Acres occurs through the use of private wells, mostly tapping the Sandstone Aquifer [15] . The Sandstone Aquifer begins at between 10 to 30 m below the land surface and has a thickness ranging from 20 to 50 m. The current number of smalldiameter Sandstone Aquifer wells in the Lehigh Acres area is estimated to be greater than 12,000. The Sandstone Aquifer is also used to supply the small central utility system and numerous agricultural users present throughout the surrounding area [16] . At the current time, the potentiometric surface of the Sandstone Aquifer drops more than 10 m below the land surface in a large part of Lehigh Acres [15] . The large seasonal reduction in the potentiometric surface causes the failure of many wells within Lehigh Acres as water levels drop below pump intakes. There is a serious question concerning whether the sustainable yield of the aquifer has already been exceeded. However, as the population continues to grow and more wells are drilled into this over-used aquifer, the sustainable yield will eventually be exceeded with the aquifer being unable to supply new water users.
As an alternative to using surface water directly from the Caloosahatchee River or shallow freshwater aquifers that have a limited capacity, the desalination of brackish groundwater has become common in southwestern Florida and many new facilities are being constructed in southeastern Florida [16] . When the total dissolved solids concentration of the source groundwater is less than about 6000 mg/L, the economics of brackish-water desalination (BWRO) are acceptable and costs to the consumer are not much greater than treated surface water or fresh groundwater, which both tend to have high concentrations of organic compounds that must be removed because they are precursors to the formation of trihalomethanes during disinfection. Typical treatment costs using BWRO desalination range from about $0.45 to $0.65/m 3 [17] . However, when the raw water quality creates the necessity to use seawater reverse osmosis (SWRO) desalination, the likely cost will be in the range of $1.00 to $1.30/m 3 [17] , based on the plant capacity being considered. In addition, the generally low population density in many parts of the area will result in exceptionally high capital costs to construct the transmission lines and pumping stations.
An alternative to the expensive SWRO desalination water-supply solution, could be the development of a long-term managed aquifer recharge system that stores excess flow from the Caloosahatchee River to recharge the Avon Park Permeable Zone (APPZ) with large volumes of freshwater. This system would have two beneficial uses; the removal of excess fresh water from the river that could harm the estuary during high flow periods and as a future public water-supply to reduce the consumer cost and energy consumption. The dual benefits make this solution economically attractive. The purpose of this research effort is to assess this proposed solution in terms of technical feasibility with a comparison of cost effectiveness.
Background and Methods

Hydrogeology of the Deep Saline-Water Aquifer System
A major consideration in the development of a brackish-water reverse osmosis (BWRO) desalination system is the source of the water and its stability of water quality over time [18] . The Potable and non-potable water use in most of Lehigh Acres occurs through the use of private wells, mostly tapping the Sandstone Aquifer [15] . The Sandstone Aquifer begins at between 10 to 30 m below the land surface and has a thickness ranging from 20 to 50 m. The current number of small-diameter Sandstone Aquifer wells in the Lehigh Acres area is estimated to be greater than 12,000. The Sandstone Aquifer is also used to supply the small central utility system and numerous agricultural users present throughout the surrounding area [16] . At the current time, the potentiometric surface of the Sandstone Aquifer drops more than 10 m below the land surface in a large part of Lehigh Acres [15] . The large seasonal reduction in the potentiometric surface causes the failure of many wells within Lehigh Acres as water levels drop below pump intakes. There is a serious question concerning whether the sustainable yield of the aquifer has already been exceeded. However, as the population continues to grow and more wells are drilled into this over-used aquifer, the sustainable yield will eventually be exceeded with the aquifer being unable to supply new water users.
Background and Methods
Hydrogeology of the Deep Saline-Water Aquifer System
A major consideration in the development of a brackish-water reverse osmosis (BWRO) desalination system is the source of the water and its stability of water quality over time [18] . The Lower Hawthorn and Upper Suwannee aquifers are commonly used to supply raw water to BWRO facilities located in western Lee County [17] . Unfortunately, the productivity of these aquifers declines from west to east, so there appears to be an insufficient quantity of brackish water to reliably meet the long-term future demand in the Lehigh Acres area. The estimated transmissivity of the Lower Hawthorn Aquifer ranges between 373 and 2150 m 2 /day in western Lee County [19, 20] and declines to between zero and about 124 m 2 /day in eastern Lee County [19, 20] . An U.S. Geological Survey (USGS) investigation for an aquifer storage and recovery project found that the Upper Suwanee Aquifer has a transmissivity range of only 65 to 74 m 2 /day in eastern Lee County [21] . The Lower Suwannee Aquifer has a transmissivity ranging from 373 to 869 m 2 /day [20] in western Lee County and also in eastern Lee County, but this is based on few high-quality data and no long-term aquifer performance tests [20] . Another investigation showed that the transmissivity of the "Upper Floridan Aquifer" at a nearby test site, considering sediments lying in the lower part of the Arcadia Formation, the Suwannee Formation, and the upper part of the Ocala Limestone, was about 845 m 2 /day [22, 23] (Figure 3 ). Based on these values, the possibility of obtaining a stable source of raw water for a large BWRO facility in Lehigh Acres is questionable, especially when the gross capacity required will be about 216,250 m 3 /day based on the demand at 173,000 m 3 /day with a recovery efficiency of 80%. Lower Hawthorn and Upper Suwannee aquifers are commonly used to supply raw water to BWRO facilities located in western Lee County [17] . Unfortunately, the productivity of these aquifers declines from west to east, so there appears to be an insufficient quantity of brackish water to reliably meet the long-term future demand in the Lehigh Acres area. The estimated transmissivity of the Lower Hawthorn Aquifer ranges between 373 and 2,150 m 2 /d in western Lee County [19, 20] and declines to between zero and about 124 m 2 /d in eastern Lee County [19, 20] . A U.S. Geological Survey (USGS) investigation for an aquifer storage and recovery project found that the Upper Suwanee Aquifer has a transmissivity range of only 65 to 74 m 2 /d in eastern Lee County [21] . The Lower Suwannee Aquifer has a transmissivity ranging from 373 to 869 m 2 /d [20] in western Lee County and also in eastern Lee County, but this is based on few high-quality data and no long-term aquifer performance tests [20] . Another investigation showed that the transmissivity of the "Upper Floridan Aquifer" at a nearby test site, considering sediments lying in the lower part of the Arcadia Formation, the Suwannee Formation, and the upper part of the Ocala Limestone, was about 845 m 2 /d [22, 23] ( Figure 3 ). Based on these values, the possibility of obtaining a stable source of raw water for a large BWRO facility in Lehigh Acres is questionable, especially when the gross capacity required will be about 216,250 m 3 /d based on the demand at 173,000 m 3 /d with a recovery efficiency of 80%. A sufficient supply of raw water could be developed within the Avon Park Permeable zone which lies between 511 and 542 m below the surface (Figure 3 ) [22, 23] . While the transmissivity of the aquifer is estimated to average about 46,000 m 2 /day, which is high, the water quality is quite saline with a total dissolved solids (TDS) concentration of 18,000 mg/L [22] . Therefore, a seawater desalination plant would be required to treat this water and would have a required total raw water capacity wellfield of about 288,333 m 3 /day based on a 60% recovery efficiency. The estimated treatment cost for this water would be about $1.00-1.20/m 3 [17] .
Future Water Use Assessment in Lehigh Acres
The buildout population based on the number of platted lots and other considerations is roughly projected to be 300,000 in about 2060 [12] . The potable water demand for municipal supply at buildout will be about 148,000 m 3 /day for the residential component, with an additional 25,000 m 3 /day for commercial and industrial uses and about 20,000 m 3 /day for various common landscape and recreational uses for a total of about 193,000 m 3 /day. This estimate may vary plus or minus 20% depending on the size and value of future housing and on possible re-development schemes being considered now and other plans that will be developed in the future.
Description of Scheme to Store Excess Fresh Surface Water in Saline-Water Aquifers
The Lehigh Acres urban area is located close to a surface-water reservoir/treatment area, known as the Caloosahatchee River (C-43) West Basin Storage Reservoir (location in Figure 4 south of 80 below the two red dots). This 43.3 km 2 facility will store up to 6.88 × 10 8 m 3 of freshwater that will be diverted into it during wet periods [24] . The dual purpose of the impoundment is to treat the water from the Caloosahatchee River to remove nutrients and to regulate flow into the Caloosahatchee River Estuary [24] . The impoundment could also provide storage and initial treatment for water to be injected into the Avon Park Permeable Zone. Water from the reservoir would be injected after some degree of treatment to reduce the potential for aquifer clogging and to meet the regulatory standards under the federal and state Underground Injection Control (UIC) Program [25] . A sufficient supply of raw water could be developed within the Avon Park Permeable zone which lies between 511 and 542 m below the surface (Figure 3 ) [22, 23] . While the transmissivity of the aquifer is estimated to average about 46,000 m 2 /d, which is high, the water quality is quite saline with a total dissolved solids (TDS) concentration of 18,000 mg/L [22] . Therefore, a seawater desalination plant would be required to treat this water and would have a required total raw water capacity wellfield of about 288,333 m 3 /d based on a 60% recovery efficiency. The estimated treatment cost for this water would be about $1.00-1.20/m 3 [17] .
Future Water Use Assessment in Lehigh Acres
The buildout population based on the number of platted lots and other considerations is roughly projected to be 300,000 in about 2060 [12] . The potable water demand for municipal supply at buildout will be about 148,000 m 3 /d for the residential component, with an additional 25,000 m 3 /d for commercial and industrial uses and about 20,000 m 3 /d for various common landscape and recreational uses for a total of about 193,000 m 3 /d. This estimate may vary plus or minus 20% depending on the size and value of future housing and on possible re-development schemes being considered now and other plans that will be developed in the future.
Description of Scheme to Store Excess Fresh Surface Water in Saline-Water Aquifers
The Lehigh Acres urban area is located close to a surface-water reservoir/treatment area, known as the Caloosahatchee River (C-43) West Basin Storage Reservoir (location in Figure 4 south of 80 below the two red dots). This 43.3 km 2 facility will store up to 6.88 × 10 8 m 3 of freshwater that will be diverted into it during wet periods [24] . The dual purpose of the impoundment is to treat the water from the Caloosahatchee River to remove nutrients and to regulate flow into the Caloosahatchee River Estuary [24] . The impoundment could also provide storage and initial treatment for water to be injected into the Avon Park Permeable Zone. Water from the reservoir would be injected after some degree of treatment to reduce the potential for aquifer clogging and to meet the regulatory standards under the federal and state Underground Injection Control (UIC) Program [25] . Groundwater flow in all aquifers within the Floridan Aquifer System generally moves from east to west in western Hendry County, which would be from the reservoir site into the Lehigh Acres geographic area [26] . Therefore, the aquifer storage scheme would contain a series of MAR wells located in a north-south direction, beginning about 8 km south of State Road 82 and extending for about 1000 m to the south. As a conceptual design, the injection wells would be located 100 m apart and could include up to 10 wells, each with a capacity of between 88 and 132 L/s. The total capacity of the injection system would be up to about 1752 L/s. The system capacity could be increased to provide reduced impacts to the estuary and more freshwater storage At this rate, the wells could be used to remove a significant quantity of freshwater from the reservoir (and the Caloosahatchee River) during wet periods and would also convey a considerable amount of water into storage in the receiving aquifer. It would increase the capacity of the reservoir storage system by about 8%. If high phosphate concentration water could be diverted internally within the reservoir for injection, the environmental benefit of the MAR system would be increased. Depending upon the storage capacity desired for the protection of the Caloosahatchee River Estuary during wet periods, the capacity could be increased by the construction of additional wells, which would provide an even greater benefit to the down-gradient aquifer water users of the future.
The MAR wells could be located either along the Townsend Canal right-of-way or a new right-of-way located along the Lee-Hendry County line. Groundwater modeling can be used to develop an optimization assessment for the location, well spacing, and injection rates. The right-of-way closest to the reservoir would mean that the injected water would have to flow a distance of 1500 m before it would enter the potential use zone in Lehigh Acres.
Assessment of the Pre-Treatment Requirements for the Freshwater to be Stored
There are two potential strategies that could be used to treat the freshwater before injection into the Avon Park Permeable Zone (APPZ). They include treatment of the water to remove particulates, organic materials, and bacteria to essentially meet drinking water standards or treatment of the water to remove only substances that could potentially clog the aquifer system in the vicinity of the injection wells, but not treat the water to full drinking water standards. Inasmuch as the groundwater in the APPZ contains more than 10,000 mg/L of total dissolved solids, it is not considered by the U.S. Environmental Protection Agency (USEPA) and the Florida Department of Environmental Protection (FDEP) to be an Underground Source of Drinking Water (USDW) [27] . As a non-USDW aquifer, the only applicable water quality criteria for injection is that the injected water not be a hazardous waste (as defined by the USEPA) [28] . Injection into a USDW must not endanger overlying USDW aquifers, with endangerment being considered as causing a violation of a groundwater standard. Two different water treatment schemes have been developed to assess the capital and operating costs for the MAR system.
Estimation of Capital and Operating Costs Including Pretreatment of the Freshwater to be Injected and the Estimated Cost Benefit of the Estuary Protection Provided by Operation of the System
Cost estimates have been developed to construct and operate water treatment facilities necessary to remove particulate matter from the freshwater in the reservoir. Costs to construct the MAR wells and to operate them have also been developed. These costs include the equipment and facilities to allow back-flushing of the MAR wells to mitigate clogging and to keep them in an operational condition.
There are two financial benefits to the development of this system which include the reduction in the treatment of potable water for use in northeastern Lee County (including Lehigh Acres), and an increase in the operational capacity of the reservoir which will protect the ecology of the Caloosahatchee River Estuary. Some comparative costs have been made for water treatment with and without the development of this MAR system. Also, some environmental economics have been developed for the protection of the estuary, which is a key factor in the long-term economic viability of Lee County which has an economy based primarily on tourism.
Groundwater Modelling
A three-dimensional groundwater flow and solute-transport model was constructed using the SEAWAT code, which generates simulations of variable-density groundwater systems [29, 30] . The model has 300 rows and 310 columns. It has a uniform grid spacing of 100 meters in both row and column directions. The model covers an area of 30 km by 31 km (Figure 5 ). The APPZ in the model is represented by one model layer with a uniform thickness of 31 m, and a depth ranging from 511 m to 542 m below the land surface. A uniform hydraulic conductivity of 1484 m/day is applied to the APPZ model layer, based on the reported value of transmissivity of 46,000 m 2 /day [22] . The values of the storage coefficient and effective porosity applied are estimated to be 1 × 10 −4 and 0.1, respectively, based on typical values found in the Floridan Aquifer System in this region [20] .
Regional groundwater flows from east to west across the site. Based on previous studies, a uniform regional groundwater gradient of 1.9 × 10 −4 was used in this model [26] . There are essentially no data on the hydraulic gradient of the APPZ. Instead, the gradient used is based on the gradients inferred in overlying saline-water aquifers [26] . In this area, the gradient is directed almost east to west. The eastern and western model borders are defined as constant head boundaries. The northern and the southern model borders are defined as no-flow boundaries.
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Regional groundwater flows from east to west across the site. Based on previous studies, a uniform regional groundwater gradient of 1.9 × 10 −4 was used in this model [26] . There are essentially no data on the hydraulic gradient of the APPZ. Instead, the gradient used is based on the gradients inferred in overlying saline-water aquifers [26] . In this area, the gradient is directed almost east to west. The eastern and western model borders are defined as constant head boundaries. The northern and the southern model borders are defined as no-flow boundaries. The native water in the aquifer is brackish. The reported value of the total dissolved solids concentration is about 18,000 mg/L at the reservoir site and likely increases toward the west [19, 22] . This value is used as the initial concentration in the model.
The longitudinal, transverse, and vertical dispersivity values used in the model are 10 m, 5 m, and 5 m, respectively, which were derived from the literature [31] .
A total of 10 injection wells, 100 m apart, were placed within the middle of the model, perpendicular to the regional flow direction. Figure 6 shows the well locations within the modeling grid. The simulated injection rate was 15,142 m 3 /day per well. A total injection rate of about 151,000 m 3 /d was simulated for a period of 10 years. The TDS of injected water was assumed to be 100 mg/L. The native water in the aquifer is brackish. The reported value of the total dissolved solids concentration is about 18,000 mg/L at the reservoir site and likely increases toward the west [19, 22] . This value is used as the initial concentration in the model.
A total of 10 injection wells, 100 m apart, were placed within the middle of the model, perpendicular to the regional flow direction. Figure 6 shows the well locations within the modeling grid. The simulated injection rate was 15,142 m 3 /day per well. A total injection rate of about 151,000 m 3 /day was simulated for a period of 10 years. The TDS of injected water was assumed to be 100 mg/L. 
Operation of the Reservoir to Maximize the Removal of Harmful Phosphate Concentrations
During certain periods of the year, the discharge of the Caloosahatchee River contains excessive quantities of nutrients, particularly phosphate. Some of the phosphate load is supposed to be removed by aquatic vegetation while the water is stored in the new reservoir. However, the phosphate-laden water and organics could cause periodic algae blooms within the segmented basins of the reservoir, thereby presenting problems with re-integrating the water back into the river during times of need. It may be possible to send the water containing excessive phosphate concentrations to the southern part of the reservoir to be incorporated into the injection water supply for the MAR wells, especially before algal blooms occur. The phosphate would be expected to be largely adsorbed within the aquifer during the transport of the freshwater toward use areas [32] [33] [34] .
Results
Pre-treatment of Surface Water for Aquifer Storage
A key issue during the operation of the MAR wells is the control of clogging during operation. The freshwater entering the reservoir will contain significant concentrations of suspended sediments and organics and there could be periodic algal blooms within the reservoir. Therefore, the water will require filtration to remove the particulates prior to recharge.
Filtration of water for large-scale ASR facilities has been tested for the Everglades Comprehensive Plan at two locations, the Kissimmee River site and the Hillsboro site. The Hillsboro site used a centrifugal filter system which was not successful and did not meet the desired degree of filtration [35] . At the Kissimmee River ASR site, mixed media filtration was employed using a Tonya filter with a filtration rate of 2.1 L/min/m 2 of media area at a gross production rate of about 18 
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Results
Pre-treatment of Surface Water for Aquifer Storage
Filtration of water for large-scale ASR facilities has been tested for the Everglades Comprehensive Plan at two locations, the Kissimmee River site and the Hillsboro site. The Hillsboro site used a centrifugal filter system which was not successful and did not meet the desired degree of filtration [35] .
At the Kissimmee River ASR site, mixed media filtration was employed using a Tonya filter with a filtration rate of 2.1 L/min/m 2 of media area at a gross production rate of about 18,940 m 3 /day [35] .
The filtration for the proposed MAR facility will follow a similar strategy to the Kissimmee River ASR facility. The Kissimmee River ASR water treatment facility operated successfully during testing at the desired capacity with minimal difficulty [35] . However, this facility uses a UV disinfection system that has a significant cost of operation. Since the aquifer being used is so deep, very isolated in terms of leakance, and has an initial TDS of 18,000 mg/L, the use of disinfection is unnecessary within the UIC rules. Also, the pressure within the aquifer may impact the longevity of the bacteria, causing short survival times.
Configuration of Injection and Recovery Wells and Well Design Information
The configuration of the MAR injection wells is a simple alignment running parallel to the Lee-Hendry County line near the west margin of the reservoir (Figure 6 ). This alignment allows a single, large-diameter pipeline to be used to convey the filtered water to the well heads. The MAR wells are spaced at 100 m increments and 10 wells were modeled with all capacities being 15,152 m 3 /day each with a total capacity of about 151,515 m 3 /day.
Recovery wells may be located anywhere within the central part of the created freshwater plume based on the most cost-effective location of a future water treatment plant. The geometry of the down-gradient plume allows many locations to be considered based on the design of the distribution system and the pattern of growth within Lehigh Acres.
Both the injection and production wells will be an open-hole design with the casings seated into the upper part of the aquifer. The injection wells will be fully-penetrating (open through the full aquifer thickness). The recovery wells will be partially-penetrated, using one-third to one-half of the aquifer thickness. This design will allow the recovery of lower salinity water based on the buoyancy of the freshwater as it passes through the aquifer from the injection wells to the recovery wells. Future decisions on the location of the recovery wells will be based not only on the best locations relative to the water treatment plant, but also on the anticipated salinity of the recovered water which may range from fresh to mildly brackish.
Modeling Results of MAR Scheme
Based on groundwater solute transport modeling of the MAR system for a period of 10 years of continuous operation with two different hydraulic gradient scenarios, the injected plume of freshwater will extend across most of Lehigh Acres ( Figure 6 ). Heads were also calculated within the aquifer from the injection location and downgradient.
The relatively high aquifer transmissivity, low leakance, and limited transverse dispersity in the APPZ causes the geometry of the freshwater plume to have limited spreading and the corridor is similar in width to near the injection area. As illustrated in Figure 6 , the plume migrates rapidly downgradient and after 10 years traverses a major portion of the land area of Lehigh Acres. This geometry is quite favorable for the future development of a recovery wellfield anywhere along the plume.
Since the leakance of the APPZ in so low, the issue of the forced upward movement of saline water into an overlying aquifer is not a significant issue based on the modeling. Nevertheless, monitoring wells within the APPZ and the overlying aquifer would likely be required by the FDEP.
Estimated Costs of Long-Term MAR Scheme
Capital Cost of MAR Injection Well and Pretreatment System
The capital costs for the construction of the MAR injection wells and associated equipment to provide pretreatment (filtration) and some minor treatment (trickle chlorination) were roughly estimated for the full 151,515 m 3 /day capacity of the system. A breakdown of the estimated capital cost of the project is given in Table 1 . In this case, there is no capital cost for the recovery of the stored water because this is part of a water-supply facility cost that will occur in the future. Inasmuch as the MAR wells will be used for injection only, either a dedicated submersible pump or an airline system may be used for periodic back-flushing. Since the MAR wells are considered Class V injection wells, they will have to be permitted with the FDEP, whose construction and testing requirements significantly increase costs compared to a production well of the same dimensions. 
Operating Cost of MAR Injection and Pretreatment System
Since the design of the pretreatment and disinfection system is based on the Kissimmee River ASR project, the unit operating costs for this MAR project are considered to be similar, but likely lower [35] ( Table 2 ). The Kissimmee River ASR system was an experimental project with a capacity of roughly 15,783 m 3 /day. Typically, larger capacity systems operate at an overall lower unit cost which is a common engineering principal. The Kissimmee River ASR system also used UV disinfection, which is higher than simple trickle chlorination at the wellhead which is proposed for this system. In addition, the monitoring and scientific work on the Kissimmee system was quite intense and had a higher cost than is anticipated in this MAR project. The data presented in Table 2 can be used as the high-end baseline cost for the operation of the MAR system for comparison to other options for adding the storage capacity to further protect the Caloosahatchee River from problematic discharges of freshwater and for treatment options for future water-supply development in Lehigh Acres.
Capital and Operating Costs for Recovery of Water
Within the context of a conventional ASR system, the overall cost of system operation includes the recovery of the stored water and any post-treatment that needs to be accomplished depending on the designated use of the water (e.g., environmental management or public water-supply enhancement). However, within the context of this proposed MAR system, the cost of water recovery is folded into the operational cost of a water treatment facility to be located within the freshwater plume in the future.
It is anticipated that the plume of freshwater being injected in the APPZ will produce variable water quality and a conventional freshwater water treatment plant will not be the best option for the future water supply. Water quality within the plume will depend on the location of future water supply wells, their design, and the timeframe when they are constructed. The longer the MAR injection system operates, the more freshwater that will enter the storage aquifer, thus reducing the overall salinity. Therefore, the costs for future water treatment are based on the operation of a conventional brackish-water reverse osmosis (BWRO) water treatment plant with an estimated raw water TDS concentration of 5000 mg/L. This TDS should be able to be obtained and maintained by using partially-penetrating production wells that gather water from the top of the storage aquifer. Future monitoring and testing would be used as a design basis of the facility or facilities.
Based on the literature and the existing operation of the many local BWRO facilities, the estimated cost range of treating the raw water will be between $0.45 and $0.65/m 3 ([18] ; information obtained for nearby BWRO facilities).
Environmental Economics of Preventing Damage to the Caloosahatchee River Estuary
Maintenance of the environmental integrity of the Caloosahatchee River Estuary and connected tidal water is a key factor in protecting the economy of southwest Florida. The area has an economy primarily related to tourism in the coastal area. The Caloosahatchee River Estuary contains shallow marine areas that are spawning grounds for many common game fish and the river is heavily used for recreation. The resource value for the maintenance of the river is difficult to assess, but must be valued in the hundreds of million dollars. In support of this contention, an economic analysis of nutrient standards compliance for Florida lakes and flowing water conducted by the U.S. Environmental Protection Agency concluded that the low-end value of the economic impact was $1.3 billion/year [36] . Within the context of the Comprehensive Everglades Restoration Plan, the very large costs involved in designing and constructing the storage reservoirs along the Caloosahatchee River, including the Hendry County Reservoir, met the cost-benefit standards within the governing legislation to allow congressional authorization.
There are additional investigations of the valuation of coasts and estuaries that consider many factors within the local economy that include services provided by estuaries, the willingness of the local population to pay for use and maintenance, real estate value maintenance and appreciation, and numerous other factors [37, 38] . The valuation of the Florida coasts for recreation alone is greater than $5 billion per year [37] . Taking all of the collective impacts to the economy into account, the cost for the increase in capacity of the reservoir afforded by the MAR project appears to be justified on the basis of the environmental valuation alone without a consideration of the water supply values. However, a considerable number of resource economic evaluations would be required to further quantify this value.
Discussion and Conclusions
MAR systems have been mostly used within the context of aquifer storage and recovery (ASR) to provide operational improvement in the economics of water treatment and/or to capture and store water for conservation purposes (e.g., runoff). Herein, an MAR system is proposed that will provide several different objectives within the context of integrated water management. There are several fundamental problems confronting water managers in this region of Florida, which include the seasonal overabundance of surface water originating in Lake Okeechobee and flowing into the Caloosahatchee River Estuary, an unacceptable concentration of phosphate in the freshwater entering the estuary, the capacity of the reservoir under construction which will be tested during high flow periods associated with hurricanes and other high rainfall events, long-term water-supply shortage for rapidly-growing development in the adjacent area, and the costly conveyance of water from a viable source to the most effective location for a water treatment facility.
A primary environmental objective of the proposed MAR system would be to increase the capacity of the Hendry County Reservoir by 150,000 m 3 /day or greater to greatly enhance the existing system design objectives. The operational cost of the system would be less than $0.106/m 3 based on the costs directly determined at the Kissimmee River ASR site. In addition, some of the stored water with the highest phosphate concentrations could be isolated within the reservoir to be selectively injected into the Avon Park High Permeable Zone, where the phosphate would be removed by adsorption on the carbonate minerals matrix of the aquifer. The injection of water is not required on a year-round basis, but only when necessary to protect the Caloosahatchee River Estuary. Based on the resource protection economics, the cost per cubic meter for storage of the water should be equivalent to or greater than other options to enhance storage and remove phosphate. Further, the improvement in water quality provided has an economic benefit that is likely greater than the cost of storage without any additional benefits (e.g., water supply).
Based on groundwater modeling and a cost assessment, we conclude that the use of a large-scale MAR system with a capacity of about 150,000 m 3 /day will bring an economic solution to the five fundamental water management issues discussed. Within a 10-year time frame or greater when operated periodically, the injected freshwater will create a plume that will extend across much of the Lehigh Acres community, therefore creating an economically viable source for future water supply. The cost per m 3 of water to the consumer based on the current situation would be between $1 and $1.25/m 3 using seawater desalination based on the 18,000 mg/L raw water in the aquifer system with a sufficient capacity to meet the demand. The MAR system would produce a groundwater supply with a TDS of under 5000 mg/L if designed properly, with a corresponding cost ranging from $0.45 to $0.65/m 3 . The water supply cost reduction must be considered to be an added benefit beyond the environmental restoration and maintenance benefits.
